Primary cilium formation is initiated at the distal end of the mother centriole in a highly co-ordinated manner. This requires the capping of the distal end of the mother centriole with a ciliary vesicle and the anchoring of the basal body (mother centriole) to the cell cortex, both of which are mediated by the distal appendages. Here, we show that the distal appendage protein Cep123 (Cep89/ CCDC123) is required for the assembly, but not the maintenance, of a primary cilium. In the absence of Cep123 ciliary vesicle formation fails, suggesting that it functions in the early stages of primary ciliogenesis. Consistent with such a role, Cep123 interacts with the centriolar satellite proteins PCM-1, Cep290 and OFD1, all of which play a role in primary ciliogenesis. These interactions are mediated by a domain in the C-terminus of Cep123 (400-783) that overlaps the distal appendagetargeting domain (500-600). Together, the data implicate Cep123 as a new player in the primary ciliogenesis pathway and expand upon the role of the distal appendages in this process.
Introduction
The centrosome performs many functions in the cell including: acting as a microtubule organizing centre (MTOC), establishing cell polarity (Bornens, 2012) , contributing to bipolar spindle formation during mitosis and regulating cytokinesis (Khodjakov and Rieder, 2001; Piel et al., 2001) . Another important function of the centrosome is to act as a scaffold for the formation of a primary cilium, a sensory organelle, which protrudes from the surface of the cell (Pazour and Witman, 2003) . This function is unique to the mother centriole, one of the two centrioles present in the centrosome, which becomes the basal body of the primary cilium. The mother centriole, like the daughter centriole, is formed of nine sets of microtubules that are arranged in a barrel-like shape, but it differs structurally in that it has two sets of appendages (sub-distal and distal appendages) at its distal end (Paintrand et al., 1992; Robbins et al., 1968; Vorobjev and Chentsov, 1982) .
The distal appendages play an important, but not yet fully defined, role in primary cilium formation. This process begins with the recruitment and association of vesicles to the distal appendages, to create a ciliary vesicle covering the distal end of the mother centriole (Sorokin, 1962; Sorokin, 1968) . Ciliary vesicle formation is dependent upon a cascade of Rab proteins with Rab11 (Knödler et al., 2010; Westlake et al., 2011) and Rab8 being two important components (Nachury et al., 2007; Yoshimura et al., 2007) . This cascade is initiated by the Rab11dependent trafficking of Rabin8, the guanine nucleotide exchange factor (GEF) for Rab8, to a transitory structure known as the pericentrosomal preciliary compartment (PPC) located close to the centrosome (Kim et al., 2010; Knödler et al., 2010; Westlake et al., 2011) . Rab11 is not only involved in the trafficking of Rabin8 to the PCC, it also stimulates the GEF activity of Rabin8 (Knödler et al., 2010; Westlake et al., 2011) , when it is in its active GTP-bound form. This promotes ciliary membrane formation and entry of Rab8 into the primary cilium. Rabin8 plays a key role in this process and it interacts with many proteins including: the Bardet-Biedl syndrome (BBS) complex (Jin et al., 2010) ; the exocyst complex through Sec15 (Feng et al., 2012) ; and the transport protein particle (TRAPP) II complex (Westlake et al., 2011) . More recently, Rabin8 has been linked to the distal appendages of the mother centriole by a study showing that it interacts with the distal appendage component Cep164 (Schmidt et al., 2012) .
To allow the forming primary cilium to protrude from the surface of the cell the mother centriole has to migrate and attach to the cell cortex, via its distal appendages (Ishikawa et al., 2005) , and the ciliary vesicle must fuse with the plasma membrane (Molla-Herman et al., 2010; Sorokin, 1962) . Extension of an axoneme, which consists of doublet microtubules, occurs from the distal end of the mother centriole by intraflagellar transport (IFT) (Pazour and Rosenbaum, 2002) . This involves the trafficking of IFT components to and from the distal end of the primary cilium by molecular motors.
A large cohort of proteins is required for primary cilium formation (Graser et al., 2007; Kim et al., 2010) and not all of these are directly associated with the centrosome and are transported there in a controlled manner. Centriolar satellites are small electron-dense granules, between 70 to 100 nm in diameter, found in close vicinity to the centrosome (Berns et al., 1977; de-Thé, 1964) . Various functions have been ascribed to centriolar satellites including, contributing to bipolar spindle formation during mitosis (Kim and Rhee, 2011; Oshimori et al., 2009) , transporting components to the centrosome (Dammermann and Merdes, 2002) and participating in cilium assembly (Graser et al., 2007; Kubo et al., 1999; Nachury et al., 2007; Sedjaï et al., 2010) . Pericentriolar material-1 (PCM-1) was the first centriolar satellite protein to be described (Balczon et al., 1994; Kubo et al., 1999) , but since its identification the list proteins localizing to centriolar satellites has grown substantially. PCM-1 plays an important role in transporting proteins to the centrosome and its depletion by siRNA-mediated silencing results in decreased centrosomal levels of centrin, pericentrin and ninein (Dammermann and Merdes, 2002) . This transport is dependent upon an intact microtubule array and the molecular motor dynein. PCM-1 also interacts with other centriolar satellite proteins including OFD1 (Lopes et al., 2011) , Cep290 (Kim et al., 2008) and the BBSome component BBS4 (Kim et al., 2004; Nachury et al., 2007) . Recent work has shown that these proteins are dependent upon each other for their proper localization, with the depletion of any one of these proteins causing the disruption of centriolar satellites (Lopes et al., 2011) . These centriolar satellite proteins (Ferrante et al., 2006; Graser et al., 2007; Kim et al., 2008; Nachury et al., 2007) , and others (Kim et al., 2012; Sedjaï et al., 2010) , are also required for primary cilium formation.
In this study, we show that Cep123 interacts with the centriolar satellite proteins PCM-1, OFD1 and Cep290 and is required for primary ciliogenesis. In the absence of Cep123 a ciliary vesicle fails to form at the distal end of the mother centriole, with only small or misshapen vesicles associated with the distal appendages. These results identify Cep123 as a key distal appendage protein whose function is required for primary cilium assembly.
Results
Cep123 is a conserved distal appendage protein Cep123 was identified as a PLK4-interacting protein in a yeast two-hybrid screen using the kinase domain of PLK4 (residues 1-271) as bait. The precise function of the interaction between Cep123 and PLK4 has not been fully established and will not be discussed in this paper. Four clones corresponded to Cep123 with three clones encoding residues 414-578 and the remaining clone encoding residues 414-444. Three isoforms of Cep123 (Cep89) are described in UniProtKB/Swiss-Prot (Q96ST8), with isoform 1, the longest isoform, predicted to contain two coiled coil domains between residues 234 to 333 and 369 to 719 and a PEST sequence, involved in regulating protein turnover, between residues 112 to 138 ( Fig. 1A ; supplementary material Fig. S1A). Western blotting of centrosomes purified from KE37 cells with antibodies raised against the N-and C-terminus of the protein indicated that the predominant centrosomal isoform of Cep123 was approximately 100 kDa in molecular weight, which probably corresponds to isoform 1 of Cep123 (supplementary material Fig. S1B ). This hypothesis was confirmed by western blotting of soluble and insoluble extracts prepared from Cep123 Fig. 1 . Cep123 is a conserved protein localizing to the distal appendages of the mother centriole. (A) A diagram showing the structural domains of Cep123 and the PLK4-interacting fragment identified by yeast two-hybrid screening with a catalytically inactive form of the kinase domain of PLK4 (residues 1-271). Two coiled-coil domains (CC) and a potential PEST sequence (grey line) are present in Cep123. (B) A phylogenetic tree of Cep123 homologs. (C) An electron micrograph of a KE37 cell purified centrosome labelled with anti-Cep123 N-terminal antibody (15 nm gold particles marked with red circles) and C-Nap1 (10 nm gold particles), showing that Cep123 localizes to the distal appendages of the mother centriole. (D) Immunofluorescent images of RPE1 cells labelled with EdU (green) and stained with DAPI (blue) and antibodies against Cep123 (red), centrin (green) and ninein (not shown). Cep123 is associated with the mother centriole (M) throughout the cell cycle and begins to be recruited to the daughter centriole (D) in late G2. (E) Immunofluorescent staining of mouse ependymal cells with antibodies against polyglutamylated tubulin (GT335, green) and Cep123 (red) showed that Cep123 localizes to the base of motile cilia as well as to primary cilia. DNA labelled with DAPI (blue). Scale bars: 10 mm and inset 1 mm. or control siRNA-treated RPE1 cells with the N-and C-terminal antibodies (supplementary material Fig. S1C ).
Phylogenetic analyses indicated that homologs of Cep123 are present in most metazoans ( Fig. 1B) including the placazoan T. adhaerens, which is considered to be one of the most primitive metazoans (Srivastava et al., 2008) . One notable exception was C. elegans, which possesses centrioles containing only singlet microtubules (O'Connell et al., 2001; O'Toole et al., 2003) , where we were unable to identify a Cep123 ortholog.
Cep123 has been shown, by immunofluorescent staining and photoactivatable localization microscopy (PALM), to localize to the distal appendages of the mother centriole (Sillibourne et al., 2011) . To confirm this localization, purified KE37 cell centrosomes were stained with antibodies against Cep123 and C-Nap1 or Cep123 alone and thin section EM carried out. This demonstrated conclusively that Cep123 localized to the distal appendages of the mother centriole ( Fig. 1C ; supplementary material Fig. S1D ). Centrosomal proteins often exhibit cell cycledependent localization to the organelle, with their levels changing during the cell cycle. Immunofluorescent staining of EdU-labelled RPE1 cells with antibodies against ninein, centrin and Cep123 showed that the localization of Cep123 was indeed cell cycle-dependent with its levels decreasing during mitosis ( Fig. 1D ). A similar cell cycle-dependent localization has been reported for the distal appendage protein Cep164 (Schmidt et al., 2012) . However, in contrast to Cep164, recruitment of Cep123 to the daughter centriole (developing mother centriole) began earlier, in late G2. To evaluate the dynamics of Cep123, live cell imaging and FRAP analysis were carried out on RPE1 cells transiently expressing EGFP-Cep123 and mCherry-centrin-1 (supplementary material Movie 1; Fig. S1E ). This revealed that EGFP-Cep123 not only localized to the distal appendages, but also to cytoplasmic particles moving to and from the centrosome. Furthermore, FRAP analysis demonstrated that there was both a mobile and immobile fraction of Cep123 associated with the distal appendages, with the t 1/2 measured as being 61.8640.6 s (supplementary material Fig. S1E ).
To investigate if Cep123 is a component of motile cilia, as well as primary cilia, multi-ciliated mouse ependymal cells were stained with antibodies against polyglutamylated tubulin (GT335) and Cep123 (Fig. 1E ). Cep123 localized to the base of ependymal cilia confirming that it is a component of both motile and immotile cilia.
Mapping of the distal appendage-targeting domain in Cep123
To gain insight into how Cep123 is targeted to the distal appendages, we began by mapping the domains responsible for targeting the protein to these structures. A series of deletion constructs was generated, by fusing fragments of Cep123 to EGFP, and transiently transfected into RPE1 cells ( Fig. 2A ). Staining of these cells with an antibody against the distal appendage component Cep164 demonstrated that the C-terminal region of Cep123 (residues 396-783) was responsible for targeting Cep123 to the distal appendages, with the C2 construct (residues 500-600) containing the minimal distal appendage-targeting domain (Fig. 2B ). Deletion of this domain from Cep123 reduced the efficacy of its targeting to the distal appendages, with only 16% of EGFP-Cep123 D501-600 transfected cells exhibiting a distal appendage localization compared with 96% of EGFP-Cep123 transfected cells constructs (green) and stained with DAPI (blue) and an antibody against the distal appendage component Cep164 (red). The C2 fragment (residues 500-600) was able to localize to the distal appendages with a similar efficiency as the full length protein. This domain was not essential for the targeting of Cep123 to the distal appendages, although it increased the fidelity of proper localization. Scale bars: 10 mm and inset 1 mm.
( Fig. 2A ). Thus, while these results indicate that residues 500-600 are not essential for the recruitment of Cep123 to the distal appendages, they do increase the efficiency of its targeting to these structures. It is possible that Cep123 D501-600 is able to localize to the distal appendages by self-association with the endogenous protein, as has been noted for many centrosomal proteins (Lukinavičius et al., 2013) .
Cep123 is required for primary ciliogenesis
During primary ciliogenesis, the distal appendages of the mother centriole are proposed to participate in the anchoring of a ciliary vesicle to the distal end of the centriole and, later on, to anchor the mother centriole (basal body) to the plasma membrane. Cep164, another distal appendage protein, is known to play an important role in primary ciliogenesis (Graser et al., 2007; Schmidt et al., 2012) ; therefore we assessed whether Cep123 was required for this process by using siRNA to deplete the protein from RPE1 cells.
Depletion of centrosomal proteins has been proposed to trigger a centrosome integrity checkpoint, resulting in p38 kinasedependent cell cycle arrest (Mikule et al., 2007; Srsen et al., 2006) . We first ascertained if Cep123 depletion affected cell cycle progression. Three different sets of siRNA were tested for the efficacy to deplete Cep123, a single duplex, Cep123 siRNA d2, and two pools, Cep123 P1 and Cep123 P2. The latter pool consisted of modified siRNAs designed to reduce off-target effects. As controls, RPE1 cells were also treated with siRNAs directed against PCM-1 and the centriolar linker protein C-Nap1 (Fry et al., 1998) , which previous studies have shown to be required for cell cycle progression (Mikule et al., 2007; Srsen et al., 2006) . SiRNA-treated RPE1 cells were pulse-labelled with EdU, to detect S phase cells, and stained with an antibody against the cell proliferation marker Ki67 (Fig. 3A) . These data showed that, in contradiction to previously published results, neither PCM-1 nor C-Nap1 was required for cell cycle progression, with no significant difference in the number of Ki67-and EdUpositive (S-phase) cells compared with controls ( Fig. 3B ). However, the siRNAs directed against Cep123 produced variable results, with the number of EdU-positive cells being reduced by approximately 69% (P57.3610 25 ), 38% (P52.2610 22 ) and 15% (non-significant) upon treatment with the Cep123 siRNA d2, Cep123 P1 and Cep123 P2 siRNAs, respectively. The number of Ki67-positive cells was also reduced, compared to controls, by 61% (P56.4610 24 ), 20% (non-significant) and 3% (non-significant) upon treatment with the Cep123 siRNA d2, Cep123 P1 and Cep123 P2 siRNAs, respectively. To ascertain if the stress response pathway was activated in siRNA-treated cells, western blotting was carried out with antibody to T180/Y182 phosphorylated p38 (active p38) ( Fig. 3C ). Duplicate samples were treated with 500 mM sodium arsenite for 30 minutes to induce and test the robustness of the p38 stress response (Kim et al., 2002) . Regardless of the siRNA treatment, the basal level of p38 phosphorylation was similar, while exposure to sodium arsenite induced the stress response and resulted in increased levels of phosphorylated p38. Altogether these results suggest that p38-dependent cell cycle arrest is due to siRNA off-target effects and this is dependent upon the sequence of the siRNA, in agreement with published data (Jackson et al., 2006a; Jackson et al., 2006b) .
Two different protocols of siRNA treatment were used to establish if Cep123 was required for the formation and/or maintenance of a primary cilium. In the first protocol RPE1 cells were treated with siRNA for 48 hours and deprived of serum for 24 hours to induce primary cilium formation, while in the second protocol the cells were serum-starved for 24 hours before being treated with siRNA for 72 hours in the absence of serum (Fig. 4A ). The first protocol assessed whether a protein was required for primary cilium formation, while the second protocol tested if it was necessary for primary cilium maintenance. RPE1 cells were stained with antibodies against acetylated tubulin, to identify primary cilia, and Cep123 to determine the efficacy of Cep123 depletion (Fig. 4B) . The results indicated that Cep123 was required for primary cilium formation (Fig. 4C) , as a significant reduction in the number of ciliated cells compared with NT controls was observed after its depletion using the first protocol (Cep123 siRNA d2, 90%; Cep123 P1, 69%; Cep123 P2, 48% reduction). However, Cep123 was found to be largely dispensable for primary cilium maintenance ( Fig. 4D ), as the number of ciliated cells was only marginally decreased after its depletion using the specific pools of siRNA with the second protocol (Cep123 siRNA d2, 56%; Cep123 P1, 14%; Cep123 P2, 12% reduction). Similar results were obtained after PCM-1 depletion, indicating that is also required for the formation, but not the maintenance, of a primary cilium. Depletion of PCM-1 using the first protocol greatly reduced the number of ciliated cells (60% reduction), while only a moderate reduction (13%) was observed using the second protocol ( Fig. 4C,D ; supplementary material Fig. S2A ). Interestingly, C-Nap1 depletion inhibited both primary cilium formation and maintenance, causing a reduction in the number of ciliated cells, using both the first (64% reduction) and the second protocol (30% reduction), compared with NT controls (Fig. 4C,D) . The results of these C-Nap1 depletions are consistent with those of a recently published study demonstrating a requirement for C-Nap1 in primary ciliogenesis (Conroy et al., 2012) . Western blotting with antibodies against Cep123, PCM-1, and C-Nap1 verified the efficacy of depletion of each centrosomal protein ( Fig. 4E ). While the siRNAs we used to target Cep123 were equally efficacious in depleting the protein, variation in the penetrance of the knockdown phenotype was observed, with the Cep123 d2 siRNA having the greatest effect upon primary cilium formation. This is probably due to the Cep123 d2 siRNA having off-target effects, such as cell cycle arrest (Fig. 3A,B) , which contribute to the reduction in the number of ciliated cells. Nevertheless, depletion of Cep123 with the Cep123 P2 siRNAs significantly reduced primary cilium formation, but did not affect cell cycle progression, thereby supporting a direct role for Cep123 in primary ciliogenesis. We confirmed these results by depleting Cep123 from another cell line, inner medullar collecting duct 3 (IMCD3) cells, and observed a significant reduction in the number of ciliated cells compared with the control (supplementary material Fig. S2B ).
Centriolar satellite proteins interact with Cep123
Cep123 localizes to the distal appendages (Sillibourne et al., 2011) , but it has also been suggested to localize to centriolar satellites (Jakobsen et al., 2011) . To determine if the EGFP-Cep123 particles observed by live imaging of transfected RPE1 cells co-localized with centriolar satellites, RPE1 cells were fixed and stained with antibodies against PCM-1, OFD-1 and Cep290. These centriolar satellite proteins were chosen because they are mutually dependent upon one another for their proper localization to centriolar satellites (Lopes et al., 2011) and are involved in primary cilium formation (Graser et al., 2007; Kim et al., 2008; Nachury et al., 2007; Singla et al., 2010) . Colocalization was often observed between PCM-1 satellites and EGFP-Cep123, while fewer OFD1 and Cep290 satellites colocalized with EGFP-Cep123 particles (Fig. 5A ). To determine if endogenous Cep123 interacted with any of these centriolar satellite proteins, Cep123 was immunoprecipitated from RPE1 cell lysates using the Cep123 N-and C-terminal antibodies and western blotting carried out (Fig. 5B) . PCM-1, OFD1 and Cep290 all co-precipitated with Cep123, suggesting that they interact with it. An interaction between PCM-1 and Cep123 was further supported the co-precipitation of endogenous Cep123 with over-expressed GFP-tagged truncated PCM-1 (residues 1-1468) and full length PCM-1 (supplementary material Fig. S3A ). The PCM-1 and OFD1 sites of interaction on Cep123 were identified by transiently transfecting RPE1 cells with EGFP-Cep123 deletion constructs ( Fig. 2A) and carrying out IPs with an anti-GFP antibody. This demonstrated that both PCM-1 and OFD1 interact with the C-terminus of Cep123 (Fig. 5C ). Furthermore, the distal appendage-targeting domain of Cep123 (residues 500-600) was able to co-precipitate PCM-1, although considerably less than the full length protein (Fig. 5C) . While the N-terminus of Cep123 did not interact with centriolar satellite proteins, it might play a role in negatively regulating their interaction with the C-terminus of Cep123, as over-expression of (A) Immunofluorescent images of RPE1 cells treated with Cep123, PCM-1, C-Nap1 or a non-targeting (NT) control siRNA, labelled with EdU (green) and stained with DAPI (blue) and an antibody against the cell proliferation marker Ki67 (red). Scale bars: 10 mm and inset 1 mm. (B) Quantification of the number of EdUpositive (S phase) and Ki67-positive (cycling) cells. The data represent the mean of three independent experiments (n5300) with s.d. shown. Depletion of Cep123 using the Cep123 siRNA d2 caused a significant reduction in the number of both EdU-and Ki67-positive cells (student's t-test, P57.3610 25 and P56.4610 24 , respectively), suggesting that the cells had exited the cell cycle. A significant reduction in the number of S-phase cells was also observed upon treatment with the Cep123 P1 siRNA (student's t-test, P52.2610 22 ). Depletion of PCM-1, C-Nap1 and Cep123 using the Cep123 P2 siRNAs did not cause cell cycle arrest, as there was no significant change in the number of EdU-and Ki67-positive cells compared with the NT control. (C) Western blotting of lysates prepared from siRNA-treated RPE1 cells using antibodies against Cep123 (C-terminal antibody), PCM-1, C-Nap1, p38, phosphorylated p38 and a-tubulin. One set of samples was treated with 500 mM sodium arsenite for 30 minutes to induce a stress response. Regardless of the siRNA treatment used, the basal level of phosphorylated p38 was similar and treatment with sodium arsenite induced a stress response and increased levels of phosphorylated p38. isoform 2 of Cep123 (lacking residues 1-247) increased the frequency of Cep123 particle formation compared with isoform 1 (supplementary material Fig. S3B,C) . Furthermore, robust colocalization was observed between particles of isoform 2 of Cep123 and PCM-1 and OFD1. In contrast, only partial colocalization was observed between EGFP-tagged isoform 2 of Cep123 and the centriolar satellite proteins BBS4, Cep290 and FOR20 (Sedjaï et al., 2010) . Together these data suggest that Cep123 interacts with centriolar satellite proteins via its Cterminus, with its N-terminus negatively regulating these interactions.
Cep123 depletion causes defects in ciliary vesicle formation
To understand why Cep123 depletion prevents primary cilium formation, serial thin-section EM was carried out on NT controland Cep123-siRNA-treated RPE1 cells (Fig. 6A,B ). Both the distal and sub-distal appendages of the mother centriole were still present in Cep123-depleted cells, suggesting that the integrity of these structures was not compromised by the absence of Cep123.
This was further supported by the staining of siRNA-treated RPE1 cells with anti-Cep164 antibody, followed by fluorescent intensity measurements, which showed that the localization of Cep164 was virtually unperturbed by the loss of Cep123 (supplementary material Fig. S4A,B) . A reciprocal experiment demonstrated that Cep123 was still able to localize to the distal appendages in the absence of Cep164 (supplementary material Fig. S4C,D) . These results are in agreement with recently published data showing that Cep123 and Cep164 localize to the distal appendages independently of each other (Schmidt et al., 2012) . The localization of ninein and c-tubulin was also unperturbed by the depletion of Cep123 (supplementary material Fig. S4E,F) . While the distal appendages still appeared to be intact in Cep123-depleted cells, either only small vesicles or a malformed ciliary vesicle was associated with them ( Fig. 6B) . These data suggest that in the absence of Cep123 primary ciliogenesis is blocked at the early step of ciliary vesicle formation and anchoring at the distal end of the mother centriole. Fig. 4 . Cep123 is required for primary cilium formation but not maintenance. (A) A schematic explaining the two protocols used to determine if Cep123, PCM-1 or C-Nap1 is required for the formation (protocol 1) or maintenance (protocol 2) of a primary cilium. (B) Immunofluorescent images of RPE1 cells stained with DAPI to label the DNA (blue) and antibodies against acetylated tubulin (green) and Cep123 (red). Scale bars: 10 mm and inset 1 mm. (C,D) Quantification of the number of ciliated cells, where the results represent the means of three independent experiments (n5200-450), with the s.d. shown. The depletion of Cep123, PCM-1 or C-Nap1 prevented primary cilium formation, resulting in a significant decrease in the number of ciliated cells (student's t-test: Cep123 siRNA d2, P51.8610 25 ; Cep123 P1, P56.0610 25 ; Cep123 P2, P52.5610 24 ; PCM-1, P51.5610 24 ; and C-Nap1, P51.7610 23 ). However, Cep123 and PCM-1 appeared to be dispensable for primary cilium maintenance while C-Nap1 was only partially required (student's t-test: Cep123 siRNA d2, P57.9610 24 ; Cep123 P1, P51.2610 22 ; Cep123 P2, P57.2610 23 ; PCM-1, P52.3610 22 ; and C-Nap1, P52.3610 23 ). (E) Western blotting of soluble and insoluble extracts prepared from siRNA-treated RPE1 cells demonstrated the depletion of the appropriate protein.
Discussion
In this paper, we show that Cep123 is a conserved distal appendage protein required for the formation of a ciliary vesicle at the distal end of the mother centriole during primary ciliogenesis. This is apparently linked to the function of the centriolar satellite proteins PCM-1, OFD1 and Cep290, all of which participate in primary ciliogenesis.
Many centrosomal proteins have been implicated in primary ciliogenesis (Graser et al., 2007; Mikule et al., 2007) and it is conceivable that not all of these, given their functional diversity, are directly involved in the process and may play an indirect role. One of these studies (Mikule et al., 2007) proposed that the depletion of centrosomal proteins triggers a p38 stained with DAPI to label the DNA (blue) and antibodies against the centriolar satellite proteins PCM-1, OFD1 and Cep290 (all red). Co-localization between EGFP-Cep123 particles and PCM-1, OFD1 and Cep290 satellites was observed. Scale bars: 10 mm and inset 1 mm. (B) Western blotting of Cep123 immunoprecipitates with antibodies against PCM-1, OFD1 and Cep290 indicated that these satellite proteins form a complex with Cep123. The N-and C-terminal antibodies were used to immunoprecipitate Cep123. (C) EGFP-Cep123 fragments were immunoprecipitated from transfected RPE1 cell lysates using an anti-GFP antibody and western blotting carried out with PCM-1 and OFD1 antibodies. Both of these proteins were co-immunoprecipitated with the C-terminus of Cep123 (residues 396-783).
kinase-dependent checkpoint, due to structural defects in the centrosome, leading to cell cycle arrest in G0 and the inhibition of primary ciliogenesis. Consequently, these results suggested that it would be difficult to decipher whether a centrosomal protein is directly involved in ciliogenesis or not, as its depletion could trigger the centrosome integrity checkpoint. While the depletion of some centrosomal proteins may cause structural defects in the centrosome and cell cycle arrest, this does not appear to be the case for Cep123. We found that depletion of Cep123, using a pool of modified siRNAs (Cep123 P2), did not cause cell cycle arrest and, furthermore, a combination of serial thin-section EM and immunofluorescent staining with Cep164 antibodies (Fig. 6; supplementary material Fig. S4A ) indicated that the structure of the distal appendages had not been compromised by the loss of Cep123. We also found that PCM-1 depletion had no effect upon cell cycle progression, in contradiction to previously published results (Mikule et al., 2007; Srsen et al., 2006) , but primary cilium formation was impaired. These results suggest that siRNA off-target effects are responsible for causing cell cycle arrest, in agreement with published results (Jackson et al., 2006a) . Under the conditions we used in this paper activation of p38 kinase was not observed after siRNA treatment, arguing against activation of the proposed centrosome integrity checkpoint. Furthermore, a study carried out on RPE1 cells, in which the centrosome was removed either by microsurgery or laser ablation, demonstrated that centrosome loss alone was not sufficient to induce activation of p38 kinase and cell cycle arrest, and that a secondary stress was required (Uetake et al., 2007) . Altogether, these data argue that the primary ciliogenesis defect observed upon the loss of Cep123 is due to the protein playing a direct role in the process.
Cep123 has been described to localize to both the distal appendages of the mother centriole (Sillibourne et al., 2011) and to centriolar satellites (Jakobsen et al., 2011) . We have shown that the anchoring of Cep123 to the distal appendages occurs via its C-terminus (residues 396-783) with a domain located between residues 500-600 playing a particularly important role in this process. The deletion of this domain from Cep123 decreased the efficacy of targeting of the protein to the distal appendages and when fused to EGFP it was able to localize to the distal appendages with a similar efficiency as full length Cep123. This domain was also able to co-precipitate PCM-1, albeit in smaller amounts than full length or C-terminal Cep123. Such an interaction raises the possibility that PCM-1 is involved in transporting Cep123 to the centrosome, as this has been demonstrated for the PCM-1-interacting proteins centrin, pericentrin and ninein (Dammermann and Merdes, 2002) . However, the localization of Cep123 was only partially dependent upon PCM-1, with a moderate reduction in its levels at the distal appendages upon the depletion of PCM-1 (J.E.S. and M.B., unpublished observations).
Several lines of evidence support an interaction between Cep123 and centriolar satellites. Firstly, when Cep123 is overexpressed it associates with cytoplasmic particles that often colocalize with PCM-1-, OFD1-or Cep290-containing centriolar satellites. Secondly, endogenous Cep123 co-precipitates with over-expressed full length PCM-1 and C-terminal truncated PCM-1 (residues 1-1468) and, more importantly, all of the above centriolar satellite proteins co-precipitate with endogenous Cep123. While immunofluorescent staining of cells with an antibody raised against the N-terminus of Cep123 failed to support centriolar satellite localization, one possibility is that the amount of Cep123 present in centriolar satellites is too low to be detected by the N-terminal antibody.
PCM-1 has long been proposed to play a role in the formation of cilia (Kubo et al., 1999) and it interacts with several centriolar satellite proteins, OFD1 (Lopes et al., 2011) , Cep290 (Kim et al., 2008) , and BBS4 (Kim et al., 2004) , involved in primary ciliogenesis. Interestingly, we found that while PCM-1 is required for primary cilium formation, in agreement with previously published results (Graser et al., 2007; Nachury et al., 2007) , it is not necessary for primary cilium maintenance. This result, coupled with interaction data, suggests that PCM-1 and Cep123 co-operate during the process of primary ciliogenesis, with Cep123 possibly acting as a receiver of PCM-1-bound cargoes at the distal appendages.
The centriolar satellite protein Cep290 also localizes to the distal ends of centrioles and to the transition zone of the primary cilium, where it is postulated to play a role in regulating the entry of proteins into the ciliary axoneme (Craige et al., 2010; Garcia-Gonzalo et al., 2011; Sang et al., 2011) . It is also involved in recruiting Rab8a to the primary cilium and in the absence of Cep290 this GTPase no longer localizes to the ciliary axoneme (Kim et al., 2008) . As Cep123-depletion prevents the formation of a ciliary vesicle at the distal end of the mother centriole, it is possible that Cep123 is involved in regulating the recruitment of membranes to the centrosome through its interaction with Cep290.
Together, our data implicate Cep123 as a new player in the process of primary ciliogenesis through its localization to the distal appendages of the mother centriole, its interaction with PCM-1, OFD1 and Cep290 and the failure to assemble a ciliary vesicle in its absence. Further work will be necessary to identify additional Cep123-interacting proteins and determine if they are also involved in primary ciliogenesis.
Materials and Methods

Plasmids and molecular biology techniques
Cep123 sequences were amplified by PCR from the previously described plasmid pEGFP-Cep123 (Sillibourne et al., 2011) using Phusion DNA polymerase (Finnzymes) and cloned into pEGFP (Clontech) or myc-tag vectors. Isoform 3 of Cep123 was amplified from the cDNA clone IRAKp961G0764Q (Source BioScience Lifescience) and cloned into pEGFP-C1 (Clontech). GeneSOEing (Horton, 1993) was used to delete the sequence encoding the distal appendagetargeting domain from Cep123. Two PCRs were setup using the primers Cep123-S01 and Cep123 GS-Rv; and Cep123-AS01 with Cep123 GS-Fw (the sequences of these primers are in supplementary material Table S1 ). The resulting PCR products were gel purified and used as template to amplify the full length Cep123 sequence using the primers Cep123-S01 and Cep123-AS01. All constructs were verified by sequencing (Applied Biosystems).
Phylogenetic analyses
Cep123 sequences were aligned using ClustalX (Thompson et al., 1997) and a phylogenetic tree created with Phylip (http://evolution.gs.washington.edu/phylip) (Felsenstein, 1989) .
Yeast two-hybrid screen
A yeast two-hybrid screen using a catalytically inactive version of the kinase domain of PLK4 (residues 1 to 271 with a K41M mutation) was used as bait to screen a breast cancer cDNA library (Centre of Advanced European Studies and Research [Caesar], Germany).
Antibodies
Rabbit polyclonal antibodies were raised against the N-terminus (amino acids 1-230) (Sillibourne et al., 2011) and the C-terminus (amino acids 674-783) of Cep123. Sequences encoding these fragments of Cep123 were cloned into a 66HIS-SUMO expression vector, the fusion proteins purified under denaturing conditions (Qiagen) and used for immunization (AgroBio) . The N-terminal antibody was affinity purified with maltose-binding protein (MBP) fused to residues 100-200 of Cep123 (Cep123-N2) and the C-terminal antibody with MBP fused to residues 674-783 of Cep123. Immunofluorescent staining was carried out using the Cep123-N2 affinity purified antibody (1:200) and western blotting with affinity-purified Cep123 N-or C-terminal antibodies (both at 1:5000). Primary antibodies were obtained from the following sources: acetylated tubulin mouse monoclonal, 1:4000 (clone 6-11B-1, Sigma); a-tubulin mouse monoclonal (3A2), 1:5000 (L. Lafanechére); Cep290 rabbit polyclonal, 1:1000 (A301-659A, Bethyl Laboratories); C-Nap1 mouse monoclonal 1:250 (BD Pharmingen); FOR20 rat monoclonal antibody, 1:2000 (Olivier Rosnet) (Sedjaï et al., 2010) ; c-tubulin mouse monoclonal, 1:2000 (GTU-88, Sigma); GFP mouse monoclonal, 1:2000 (clones 7.1 and 13.1, Roche); GFP rabbit polyclonal (Institut Curie Antibody Production Unit); Ki67 mouse monoclonal, 1:250 (clone B56, BD Pharmingen); myc-tag mouse monoclonal, 1:10000 (9E10, Institut Curie Antibody Production Unit); BBS4 rabbit polyclonal, 1:1000 (Andrew Fry) (Lopes et al., 2011) ; centrin mouse monoclonal, 1:2000 (20H5, Jeffrey Salisbury) (Salisbury et al., 1988) ; Cep164 rabbit polyclonal, 1:1000 (Erich Nigg) (Graser et al., 2007) ; OFD1 rabbit polyclonal, 1:100 (Andrew Fry) (Lopes et al., 2011) ; PCM-1 rabbit polyclonal, 1:500 (Akiharu Kubo) (Kubo et al., 1999) ; p38 rabbit polyclonal, 1:1000 (9212, Cell Signaling); phospho-p38 rabbit monoclonal (Thr180/Tyr182), 1:1000 (D3F9, Cell Signaling); polyglutamylated tubulin mouse monoclonal, 1:10000 (GT335, Bernard Eddé) (Wolff et al., 1992) ; humanized anti-ninein scFv, 1:5 (Sillibourne et al., 2010) ; and c-tubulin rabbit polyclonal, 1:500 (Ríos et al., 2004) . Anti-mouse, anti-rabbit, and anti-human secondary antibodies labelled with Cy3 or Cy5 were obtained from Jackson Immunoresearch Laboratories Inc. and Alexa 488 labelled antibodies from Invitrogen.
Cell culture RPE1 cells were cultured in DMEM/F12, IMCD3 cells DMEM and KE37 cells in RPMI1640 (Invitrogen) at 37˚C with 5% CO 2 . All media were supplemented with 10% foetal bovine serum (Biowest Sera), 1% penicillin/streptomycin and 1% Lglutamine (Invitrogen). To induce primary cilium formation RPE1 cells were placed in DMEM/F12 medium containing 0.25% foetal bovine serum.
Transient transfection and siRNA RPE1 cells were transfected for 24 hours with DNA using XtremeGENE 9 transfection reagent (Roche) according the protocols provided using a 3:1 ratio of transfection reagent to DNA. Small interfering RNAs (siRNAs) were transfected into RPE1 and IMCD3 cells at a final concentration of 10 nM using Dharmafect transfection reagent 4 or 1, respectively. To transfect a single well of a 6 well plate, 2 mL of 10 mM siRNA and 4 mL of transfection reagent were separately diluted with 200 mL of serum-free medium containing 10 mM HEPES pH 7. After incubating the diluted transfection reagent at ambient temperature for 5 minutes the two mixtures were combined and incubated together for a further 20 minutes before being added to cells. Small interfering siRNAs were obtained from Qiagen and Dharmacon and their target sequences can be found in supplementary material Table S2 .
Preparation of soluble and insoluble extracts from cells
Cells growing in 60 mm dishes were washed once with PBS and detached using trypsine/EDTA (Invitrogen). The cells were pelleted by centrifugation at 220 g for 3 minutes at 4˚C, resuspended in 5 mL of TBS and and pelleted again by centrifugation. The cells were resuspended in 5 mL of hypotonic buffer consisting of 8% sucrose dissolved in 0.16TBS, pelleted by centrifugation and lysed with 100 mL of lysis buffer (10 mM HEPES pH 7.2, 0.5% NP-40, 0.5 mM MgCl 2 ) containing protease inhibitors. After incubating on ice for 5 minutes, insoluble material was pelleted by centrifugation at 220 g for 5 minutes in a fixed-angle rotor. The soluble material was transferred to a clean Eppendorf tube and precipitated by adding 1.35 mL of 220˚C methanol and incubating on ice for 1 hour. Precipitated material was pelleted by centrifugation at 18,000 g for 15 minutes at 4˚C, the supernatant removed and the pellet allowed to air dry. The pelleted material, both soluble and insoluble, was resuspended in an equivalent volume of SDS sample buffer.
Immunoprecipitations
RPE1 cells growing in 100 mm dishes were harvested by washing once with PBS and lysing the cells in 500 mL of lysis buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) containing protease inhibitors. The lysates were clarified by centrifugation at 18,000 g for 5 minutes at 4˚C, the supernatant transferred to a clean Eppendorf tube containing 10 mL of prewashed magnetic Protein G beads (Invitrogen) and 2 mg of antibody. After incubating the supernatants with the beads for 1 hour at 4˚C with end-over-end mixing, the beads were washed five times with 1 mL of lysis buffer and the immunoprecipitates eluted with 15 mL of SDS sample buffer.
Protein fractionation and Western blotting
Sample protein concentration was quantified using the 660 nm protein assay kit in conjunction with the ionic detergent compatibility reagent (Pierce), where necessary. Proteins were fractionated on either 3-8% Tris-acetate gradient (Invitrogen) or Trisglycine gels and transferred to nitrocellulose using an iBlot (Invitrogen). Membrane blocking was carried out using 5% BSA or 5% non-fat milk in Tris buffered saline (TBS) supplemented with 0.2% Tween 20 (TBST). Primary antibodies were diluted in the same buffer while washing steps were carried out with TBST.
Live cell imaging and fluorescence recovery after photobleaching (FRAP)
Transfected cells were plated into 35 mm glass-bottomed dishes (IWAKI) and imaged on a Nikon Ti Eclipse microscope equipped with a spinning disk (Yokogawa) and a HQ2 digital camera (Photometrics). For each fluorescent fusion protein, a 2 mm stack of images was captured, with 262 binning and a spacing of 0.2 mm, once every 10 seconds for a total of 10 minutes and maximal intensity projections made. ImageJ was used to create movies from the stacks of maximal intensity projections. FRAP analysis was carried out using the same microscope described above, bleaching for 25 ms and monitoring recovery by capturing one image every 10 sec. Analysis of FRAP images was carried out using EasyFRAP software (Rapsomaniki et al., 2012) .
Immunofluorescence staining and imaging
Cells growing on coverslips, were fixed with methanol at 220˚C for at least 20 minutes and blocked with antibody blocking buffer (TBS, 1% BSA fraction V and 0.5% Triton X-100). Primary antibodies were diluted in the same buffer and incubated on the cells for 1 hour at ambient temperature. After washing extensively with antibody blocking buffer diluted secondary antibodies were incubated on the cells for 30 minutes at ambient temperature. DNA was labelled with a 0.2 mg/ml solution of 49,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Sigma). After sequentially washing in antibody dilution buffer, TBS and distilled water the coverslips were air-dried and mounted onto glass slides using Mowiol mounting medium. Images were captured on a Leica DMRA2 microscope, fitted with a CoolSNAP camera (Princeton Instruments), using a 10061.4 N.A. objective lens (Leica) and Metamorph software (Universal Imaging). Processing of images and fluorescence intensity measurements were carried out using either ImageJ or Metamorph software. Briefly, centrosomal fluorescence intensity was calculated by measuring the fluorescence intensity within a circular region placed over the centrosome and subtracting the background fluorescence intensity of a similar sized region adjacent to the centrosome. Figures were assembled using Photoshop (Adobe). Statistical analyses were performed using two-tailed Student's t-test.
Electron microscopy
Approximately 1.5610 7 centrosomes were centrifuged onto a 12 mm acid-washed glass coverslip at 10,000 g for 10 minutes at 4˚C. Centrosomes were stained without prior fixation with antibodies against either Cep123 diluted in PBS containing 1% BSA (Sigma) for 15 minutes at ambient temperature. Labelling of primary antibodies was carried out with 10 nm or 15 nm gold-conjugated protein A. To double label centrosomes, rabbit antibody/protein A conjugates were fixed with 1% glutaraldehyde for 5 minutes at ambient temperature and washed 5 times with PBS containing 0.1% glycine leaving each wash for 2 minutes. Primary antibody labelling was carried out with a monoclonal antibody against C-Nap1, as described above, followed by labelling with a rabbit anti-mouse bridging antibody and detection with 10 or 15 nm gold-conjugated protein A. All steps were carried out at ambient temperature for 15 minutes. Final fixation was carried out using 2.5% glutaraldehyde/0.1 M cacodylate. Cells for thin serial-section EM were fixed with 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate pH 7.2 overnight. The samples were processed according the standard techniques, cutting 75 nm thick sections.
Note added in proof
During the preparation of this manuscript a paper by Tanos et al. was published demonstrating that Cep89 (Cep123/CCDC123) is required for primary cilium formation (Tanos et al., 2013) .
